Background: Enarodustat (JTZ-951) is an orally available hypoxia-inducible factor prolyl hydroxylase inhibitor that increases endogenous erythropoietin levels in the treatment of anemia associated with chronic kidney disease (CKD). Objective: A phase 2b study of enarodustat to assess the hemoglobin (Hb) response, safety, and maintenance dosage was conducted in Japanese anemic patients with hemodialysisdependent CKD. Methods: Subjects receiving a stable dose of an erythropoiesis-stimulating agent were randomized to receive once-daily enarodustat at a dose of 2, 4, or 6 mg or placebo in a double-blind manner for 6 weeks (Period 1) followed by 24-week open treatment with enarodustat, adjusted in the range of 2-8 mg to maintain Hb within a target range (10.0-12.0 g/dL; Period 2). Results: Change in Hb from baseline increased with enarodustat dose in Period 1. In Period 2, the proportion of subjects who maintained their Hb level within the target range at the end of treatment was 65.1%. To maintain Hb levels within the target range over the course of Period 2, approximately 80% of subjects required 2 dose adjustments or fewer. Enarodustat decreased hepcidin and ferritin levels, increased total iron-binding capacity, and was generally well tolerated. Conclusions: Enarodustat corrected and maintained Hb levels in anemic patients with hemodialysis-dependent CKD. Phase 3 studies of enarodustat are currently ongoing.
Introduction
Renal anemia is a common complication in patients with chronic kidney disease (CKD). It occurs mainly as a result of decreased erythropoietin (EPO) production associated with impairment of renal function but also because of various other factors including suppressed erythropoiesis by uremic substances, shortened red blood cell survival, impaired iron metabolism, residual blood in the dialysis circuit, and malnutrition [1] [2] [3] [4] . Several observational studies have shown a negative correlation between hemoglobin (Hb) concentrations and mortality risk and quality of life [5] [6] [7] [8] [9] . However, randomized controlled studies have shown that erythropoiesis-stimulating agent (ESA) therapy with high Hb targets increased mortality and cardiovascular events [10] [11] [12] . Thus, the Guideline for Renal Anemia in CKD of the Japanese Society for Dialysis Therapy recommends target maintenance Hb levels of 10.0-12.0 g/dL for hemodialysis patients [13] .
Enarodustat (JTZ-951) is being developed as an orally available drug to promote hematopoiesis via endogenous EPO production. It acts by inhibiting the prolyl hydroxylase domain-containing protein that regulates the activity of hypoxia-inducible factors (HIFs) involved in the production of EPO. Hypoxia can lead to decreased prolyl hydroxylase activity and stabilization of HIF-α in the liver and kidney, resulting in increased production of endogenous EPO and hematopoiesis [14] .
A phase 2a study in renal anemia patients on maintenance hemodialysis showed that 8-week therapy of enarodustat with dose titration from 1 to 5 mg resulted in a dose-related increase in Hb without safety concerns [15] . In the present phase 2b study in renal anemia patients on maintenance hemodialysis, we report the efficacy of enarodustat after switching from an ESA, the safety of enarodustat 2-8 mg administered for a maximum of 30 weeks, and the maintenance dose.
Materials and Methods

Study Design
This phase 2b study was conducted at 16 sites from May 2015 to June 2016 and consisted of a 4-week screening period, 30-week treatment period, and 2-week follow-up period. The treatment period consisted of 2 parts: a double-blind, randomized, placebocontrolled, parallel-arm, comparative study (Period 1) and an open-label, uncontrolled, intra-individual dose-adjustment extension study (Period 2). Patients with renal anemia on maintenance hemodialysis and treated with ESAs were included. In Period 1, subjects were randomized in a 1: 1: 1: 1 ratio to receive once-daily oral enarodustat 2, 4, 6 mg or placebo for 6 weeks to evaluate the dose-response relationship and safety of enarodustat. Subsequently, in Period 2, the dose of enarodustat in individual subjects was adjusted within a range of 2-8 mg to maintain the target Hb level (10.0-12.0 g/dL) for 24 weeks. In Period 2, the long-term safety and maintenance dose of enarodustat were also evaluated. The starting dose in Period 2 was either 4 mg (for subjects with Hb ≥8.0 to ≤12.0 g/dL at Week 6) or 2 mg (for subjects with Hb > 12.0 to < 13.0 g/dL at Week 6), with dose adjustments every 4 weeks. Study treatment was suspended when Hb ≥13.0 g/dL. This study was registered with the Japan Pharmaceutical International Center Clinical Trials Information registry (Japic CTI-152892) in May 2015. The study was conducted in compliance with the ethical principles that have their origin in the Declaration of Helsinki; the protocol; and the Guidelines for Good Clinical Practice of Japanese Ministerial Ordinance. The study was approved by the Institutional Review Board of each study center. Written informed consent was obtained from all subjects prior to participation.
Subjects and Treatment
The Period 1 inclusion criteria were: Japanese men and women aged ≥20 years; hemodialysis or hemodiafiltration 3 times per week for at least 12 weeks prior to the start of the screening period (Scr Visit 1); ESA therapy for at least 4 weeks prior to Scr Visit 1; mean Hb level at Scr Visit 1 and 2 weeks later (Scr Visit 2) of 9.5-12.0 g/dL with an absolute difference of ≤1.0 g/dL; and transferrin saturation > 20% or ferritin > 75 ng/mL at Scr Visit 1. The Period 1 main exclusion criteria were: onset of myocardial infarction, cerebral infarction, or venous thromboembolism in the 24 weeks prior to Scr Visit 1; intact-parathyroid hormone ≥500 pg/mL at Scr Visit 1; receipt of an erythrocyte transfusion or surgery involving massive blood loss in the 12 weeks prior to Scr Visit 1; and anemia secondary to chronic disease, systemic blood disorder, or obvious bleeding such as gastrointestinal hemorrhage. Further details are provided in the online supplementary materials (for all online suppl. material, see www.karger.com/doi/10.1159/000500487).
Subjects who completed Period 1 with Hb levels of ≥8.0 to <13.0 g/dL at Week 6 were eligible for inclusion in Period 2.
Intravenous iron use was prohibited during the screening period and during Period 1. Oral iron therapy initiated before Scr Visit 1 was permitted to be continued without any change in dose. In Period 2, iron supplementation was permitted only if necessary.
Assessments
The primary endpoint in Period 1 was the percentage of subjects with a change in the Hb level within ± 1.0 g/dL from baseline to the evaluation-point, which was defined as the average of the last 2 measurements in Period 1 (i.e., end of Period 1 treatment and one time point earlier), while baseline was defined as the average of the 3 pre-therapy measurements obtained at Scr Visit 1, Scr Visit 2, and Week 0.
In Period 2, efficacy was evaluated based on the time course of Hb level, target Hb (≥10.0 to ≤12.0 g/dL) maintenance rate, mean prescribed dose, and number of dose adjustments. No primary endpoint was established in Period 2.
Safety was evaluated based on adverse events (AEs) occurring after the administration of study drug, laboratory tests, vital signs, standard 12-lead electrocardiogram, chest X-ray, and fundoscopy findings.
In addition, iron-related parameters were examined as an exploratory endpoint. Statistical Analysis All analyses were performed using SAS software version 9.3 or higher (SAS Institute, Cary, NC, USA).
Based on our previous study [15] , for the determination of the sample size, it was assumed that the proportion of subjects maintaining an Hb level within the range ± 1.0 g/dL from baseline would be 70% in the enarodustat arm and 10% in the placebo arm. With a 2.5% one-sided significance level and 90% power using Fisher's exact test, the required number of subjects per arm was calculated to be 16. To allow for possible withdrawals and dropouts, the target sample size per arm was set to 20. The Period 1 efficacy full analysis set (FAS) consisted of subjects who received study drug and who underwent efficacy evaluation on 2 or more occasions. The Period 2 FAS consisted of subjects who proceeded to Period 2 and who underwent efficacy evaluation on one or more occasions. The safety population consisted of subjects who received study drug and underwent safety-related assessments on one or more occasions.
The primary endpoint was evaluated by comparing the results from the placebo arm as a control with each of the enarodustat 2, 4, and 6 mg arms using Fisher's exact test (significance level, 2.5% one-sided). A permutation test was used for multiplicity adjustment. In addition, post hoc analysis of the primary endpoint (i.e., the percentage of subjects achieving a change in the Hb level within ±1.0 g/dL from baseline to evaluation-point) was performed using Fisher's exact test to verify the superiority of enarodustat to placebo. Iron-related parameters were assessed in the safety population. A post hoc analysis of the changes in iron-related parameters at Week 6 was performed using a Wilcoxon rank-sum test for inter-arm comparison between the placebo arm and each of the enarodustat dose arms (significance level, 5% two-sided). As this was an exploratory study, no multiplicity was taken into account.
AEs occurring from the start of study drug administration to the follow-up observation 2 weeks after the last dose of the study drug were summarized. All AEs were coded using the Medical Dictionary for Regulatory Activities/Japanese, version 18.0.
Results
Subject Disposition and Characteristics
In Period 1, 85 subjects were randomized to placebo or to one of the 3 enarodustat arms. Of these, 82 were included in the FAS after the exclusion of 3 subjects (2 in the 2 mg arm and 1 in the 6 mg arm) with < 2 efficacy measurements. All 85 subjects received study drug and were included in the safety population. Period 1 was completed by 68 subjects, of whom 63 subjects proceeded to Period 2, which was completed by 55 subjects (Fig. 1) . Subject baseline characteristics in each arm are shown in Table 1 .
Primary Endpoint (Period 1)
The mean baseline Hb level in each arm was 10.54 ± 0.64 g/dL in the placebo arm, 10.39 ± 0.50 g/dL in the enarodustat 2 mg arm, 10.59 ± 0.65 g/dL in the enarodustat 4 mg arm, and 10.48 ± 0.60 g/dL in the enarodustat 6 mg arm. In the placebo arm, the percentage of subjects with a change in the Hb level within ±1.0 g/dL from baseline to evaluation-point was 27.3%. By contrast, this percentage was 63.2% in the 2 mg arm, 60.0% in the 4 mg arm, and 52.4% in the 6 mg arm, and tended to be higher than in the placebo arm without a significant difference (p = 0.0311 for the 2 mg arm, p = 0.0457 for the 4 mg arm, and p = 0.1189 for the 6 mg arm). A post hoc analysis using Fisher's exact test demonstrated that the percentage of subjects who achieved a change in the Hb level within ±1.0 g/dL from baseline to evaluation-point was significantly higher in the enarodustat arm than in the placebo arm (p = 0.0118).
The specific change in the Hb level from baseline to evaluation-point in each arm was -1.27 g/dL (95% CI -1.68 to -0.87 g/dL) in the placebo arm, -0.62 g/dL (95% CI -1.15 to -0.09 g/dL) in the 2 mg arm, 0.38 g/dL (95% CI -0.10 to 0.85 g/dL) in the 4 mg arm, and 0.89 g/dL (95% CI 0.47-1.31 g/dL) in the 6 mg arm, showing greater changes in the Hb level at higher doses of enarodustat. The 4 mg arm demonstrated no significant change in the Hb level after switching from ESAs to enarodustat.
Maintenance of Hb (Period 2)
Twenty-four-week enarodustat therapy in reference to protocol-specified dose adjustments led to appropriate control of Hb levels within the target range of 10.0-12.0 g/dL (Fig. 2) . In subjects who proceeded to Period 2, the mean Hb level was 10.14 g/dL (95% CI 9.85-10.43 g/dL) at Week 6 (prior to study drug administration in Period 2), 10.63 g/dL (95% CI 10.38-10.88 g/dL) at Ext Week 24 (24 weeks after the start of study drug administration in Period 2), and 10.49 g/dL (95% CI 10.24-10.74 g/dL) at the end of treatment. The target Hb maintenance rate at Week 6 was 52.4%, which increased to 70.9% at Ext Week 24 and 65.1% at the end of treatment.
In subjects assigned in the placebo arm in Period 1, enarodustat administration also led to increased Hb levels in Period 2. Specifically, at Week 6, the mean Hb level was 9.26 g/dL (95% CI 8.84-9.67 g/dL) and the target Hb maintenance rate was 25.0%, both of which increased to 10.63 g/dL (95% CI 10.05-11.20 g/dL) and 64.3%, respectively, at Ext Week 8.
In subjects who proceeded to Period 2, the mean prescribed dose of study drug in Period 2 was 4.30 mg/day. The study drug compliance rate in Period 2 was 97.9%. The number of required dose adjustments was zero (i.e., the dose was not changed from the starting dose for Period 2) in 27.0% of subjects, 1 or 2 in 52.4%, and 3 or more in 20.6%. 
Iron-Related Parameters
The changes in iron-related parameters over time in Period 1 are shown in Figure 3 . The iron-related parameters at Week 0 are shown in online supplementary Table  S1 . For hepcidin and ferritin, the changes from Week 0 tended to be decreased in the enarodustat arms compared with the placebo arm, and were significant in the enarodustat 4 and 6 mg arms compared with the placebo arm. For total iron-binding capacity, the changes from Week 0 were significantly increased in all enarodustat arms compared with the placebo arm. These iron-related parameters remained stable over time in Period 2. In subjects who were in the placebo arm of Period 1, administration of enarodustat in Period 2 led to an increase in Hb level, and in parallel, the iron-related parameters showed similar changes to those in the enarodustat arms of Period 1.
Intravenous iron preparations were used at least once during Period 2 in 16 (25.4%) of the 63 subjects, with a mean (± SD) total dose of 430.0 ± 227.9 mg. Oral iron preparations were used during Period 2 in 5 (7.9%) of the 63 subjects.
Safety
No deaths occurred during this study. In Period 1, AEs occurred in 31 of 63 subjects in the enarodustat arm (49.2%) and 14 of 22 subjects in the placebo arm (63.6%). No AEs were observed to have a higher incidence at higher doses of enarodustat. Regarding serious adverse events (SAEs) in Period 1, basal ganglia infarction occurred in one subject in the enarodustat 6 mg arm, and after discontinuation of the study drug, this subject had a retinal artery occlusion as an SAE. For both SAEs, a causal relationship to the study drug was ruled out by the investigator. In 2 other subjects (one each in the 2 mg arm and the placebo arm), AEs (nausea in 1 subject in the 2 mg arm, cerebral infarction in 1 subject in the placebo arm) led to the discontinuation of study drug. AEs occurring in ≥5% of subjects receiving enarodustat as well as all SAEs occurring after administration of enarodustat are summarized in Table 2 . In Period 2, SAEs were noted in 6 subjects, including coronary artery steno- 
For body weight and eGFR, data at Scr Visit 1 are shown. For oral iron, the number of users at Scr Visit 1 is shown. eGFR, estimated glomerular filtration rate; CKD, chronic kidney disease; ESA, erythropoiesis-stimulating agent; rHuEPO, recombinant human erythropoietin; N/A, not applicable. sis in one subject, for which a causal relationship to the study drug was not ruled out by the investigator. In Period 2, AEs led to the discontinuation of study drug in 4 subjects, but none of these AEs occurred in more than 1 subject who withdrew because of AEs.
Laboratory tests, vascular endothelial growth factor (VEGF), EPO, vital signs, standard 12-lead electrocardiogram, chest X-ray, and fundoscopy showed no obvious changes throughout the study period.
Discussion/Conclusion
Enarodustat is an orally available HIF-PH inhibitor under development for the treatment of anemia associated with CKD. The Period 1 results of this study showed that Hb levels in renal anemia patients on regular hemodialysis were maintained without abrupt changes after switching from an ESAs to enarodustat. In the enarodustat 4 mg arm, no significant change in the Hb level was observed from baseline to evaluation-point, suggesting that ESA therapy can be appropriately switched to enarodustat. In addition, the Period 2 results indicated stable Hb control within the target range in 70% or more of subjects from Ext Week 12 onward following enarodustat dose adjustment within the range of 2-8 mg based on Hb level, including subjects who were in the placebo arm in Period 1. In Period 2, the number of required dose adjustments was ≤2 in almost 80% of subjects.
As shown in Figure 2 , the Hb level at the Ext F-up Visit (2 weeks after Ext Week 24) was lower than at Ext Week 24, indicating attenuation of the effect of enarodustat in maintaining the Hb level within 2 weeks. This suggests that, even when Hb exceeds the upper limit of the target range, it can be promptly lowered by treatment suspension. Conventional ESAs need to be administered at doses above the range of physiological fluctuations of EPO [16] . In patients with ESA hypo-responsiveness, higher doses of ESAs are required to increase Hb levels. However, high-dose ESA therapy has been reported to increase the risks of cardiovascular events and mortality [17] . Furthermore, hemodialysis patients on ESA often cannot efficiently utilize iron in the body, resulting in a state of relative iron deficiency, and thus require intravenous iron administration despite the potential risk of adverse effects of iron such as infections and cardiovascular risk [18] [19] [20] [21] [22] [23] [24] . Enarodustat may overcome these limitations via 2 mechanisms. First, enarodustat increases Hb levels without excessive EPO production above the physiological range. In a study of repeated dosing of enarodustat for 15 days in patients on hemodialysis, Hb levels increased along with physiological EPO levels. Furthermore, no accumulation of EPO was observed after repeated dosing of enarodustat [25] . Similarly, in this study, EPO levels in placebo-treated subjects in Period 1 were marginally increased in response to enarodustat treatment (online suppl. Table S2 ), and remained within the physiological range during Period 2. Second, the mechanism by which iron-related parameters are modulated by enarodustat treatment may differ from that associated with ESA treatment. The enarodustat arms in Period 1 showed decreased hepcidin compared with the placebo arm. HIF regulates the expression of genes encoding hepcidin, and HIF stabilization has been reported to suppress hepcidin [26] . Although the mechanism by which hepcidin is suppressed by an ESA through erythroferrone production has previously been reported [27] [28] [29] , a trend toward a decrease in hepcidin was observed in this study following switching from an ESA to enarodustat. The effect of enarodustat in improving iron metabolism and iron supplementation needs to be further investigated in a phase 3 study using an ESA as a comparator.
Regarding safety, no AEs occurring more frequently at higher doses of enarodustat, and no AEs were observed that were characteristic of enarodustat compared with other HIF-PH inhibitors [30] [31] [32] . AEs related to hypertension occurred in 3 subjects during enarodustat therapy, but all 3 subjects had a complication of hypertension. No increase in mean systolic or diastolic blood pressure was observed during treatment in the safety population (data not shown).
HIF is also known to regulate the expression of VEGF, and stabilization of HIF may lead to increased expression of VEGF [33] . Increased VEGF expression is implicated in the aggravation of diabetic retinopathy, cancer, and other diseases featuring angiogenesis [34] [35] . Similar to other studies on HIF-PH inhibitors [30] [31] [32] , enarodustat administration in this study did not cause changes in VEGF (online suppl. Table S2 ). However, this finding requires further investigation using safety data from a phase 3 study with ESA as a comparator and in a long-term study.
In conclusion, the administration of enarodustat switched from an ESA did not cause abrupt changes in Hb levels in patients with renal anemia on maintenance hemodialysis, and subsequent dose adjustments led to appropriate control of Hb levels. The present study raised no major safety concerns for phase 3 study implementation. Currently, a phase 3 study is ongoing to evaluate the long-term safety and efficacy of enarodustat, and a study using an ESA as a comparator is also expected to support the efficacy and safety of enarodustat.
